DNA repair deficiency results in neurodegenerative disease and increased susceptibility to excitotoxic cell death, suggesting a critical, but undefined role for DNA damage in neurodegeneration. We compared DNA damage, Ku70-Bax interaction, and Bax-dependent excitotoxic cell death in kainic acid-treated primary cortical neurons derived from both wildtype mice and mice deficient in the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) encoded by the Prkdc gene. In both wildtype and Prkdc −/− neurons, kainic acid treatment resulted in rapid induction of DNA damage (53BP1 foci formation) followed by nuclear pyknosis. Bax deficiency, by either Bax shRNA-mediated knockdown or gene deletion, protected wildtype and heterozygous, but not Prkdc −/− neurons from kainate-induced excitotoxicity. Co-transfection of DNA-PKcs with Bax shRNA restored Bax shRNA-mediated neuroprotection in Prkdc −/− neurons, suggesting that DNA-PKcs is required for kainate-induced activation of the pro-apoptotic Bax pathway. Immunoprecipitation studies revealed that the DNA-PKcs-non-phosphorylatable Ku70 (S6A/S51A) bound 3-to 4-fold greater Bax than wildtype Ku70, suggesting that DNA-PKcs-mediated Ku70 phosphorylation causes release of Bax from Ku70. In support of this, kainic acid induced translocation of a Bax-EGFP fusion protein to the mitochondria in the presence of a co-transfected wildtype, but not mutant Ku70 (S6A/S51A) gene when examined at 4 and 8 h following kainate addition. We conclude that DNA-PKcs links DNA damage to Bax-dependent excitotoxic cell death, by phosphorylating Ku70 on serines 6 and/or 51, to initiate Bax translocation to the mitochondria and directly activate a pro-apoptotic Bax-dependent death cascade.
Introduction
Non-homologous end joining (NHEJ) is the predominant form of DNA double-strand break repair in post-mitotic neurons [47] . NHEJ is initiated by the DNA-dependent protein kinase (DNA-PK), a heterotrimeric molecule comprised of Ku70, Ku80, and the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), the latter encoded by the Prkdc gene. Following the generation of DNA double-strand breaks, the Ku70/Ku80 dimer binds to the free DNA ends and recruits DNA-PKcs to form the DNA-PK complex that initiates double-strand break repair [34] . Loss of NHEJ activity in the developing brain can lead to pronounced apoptosis and prenatal lethality, whereas DNA repair deficiency in adulthood predisposes individuals to neurodegenerative disease [6, 40, 69] . The high metabolic rate of neurons, required for maintaining ionic gradients across the plasma membrane, can generate excessive oxygen radicals that damage DNA and ultimately trigger neuron death. Signal transduction pathways by which DNA damage triggers excitotoxic neuronal death are not well defined, in particular the regulation of p53 and Bcl-2 family members, such as Bax.
The p53 tumor suppressor is a DNA damage sensor known to play a role in excitotoxic cell death [4, 31, 63] . DNA-PK can activate p53 by phosphorylating the p53 amino terminus [55, 60] , and p53 in turn can induce or activate Bax, a pro-apoptotic protein that translocates to the mitochondria and initiates the intrinsic death pathway [70] . Prior investigators have suggested a requirement for DNA-PKcs in apoptotic cell death via mechanisms involving DNA-PKcsmediated activation of p53 [7, 11, 41, 65, 67] . However, p53 is often activated by ATM kinase [2, 28, 29] , suggesting that the DNA-PK and ATM kinases have partially overlapping roles in activating p53. Furthermore, we have shown that excitotoxic cell death in Prkdc −/− neurons still proceeds via a p53-dependent pathway [43] . Thus, the role of DNA-PK in excitotoxic cell death remains unknown.
DNA-PKcs has been shown to phosphorylate Ku70 on serines 6 and 51 [10, 30] . The functional consequences of such Ku70 phosphorylation are unknown, but both DNA-PKcs-nonphosphorylatable Ku70 (S6A/S51A) and phosphomimetic Ku70 (S6D/S51D) function identically to the wildtype Ku70 in NHEJ, suggesting that DNA-PKcs-mediated phosphorylation of Ku70 is unnecessary for DNA repair [18] . Recent studies have implicated Ku70 as an important regulator of Bax activity. Ku70 binds and sequesters Bax in the cytosol, but releases Bax following apoptotic stimuli [14, 61] . In addition, previous investigators have shown that ubiquitin-mediated Ku70 degradation induces Bax-dependent cell death [21] , and pentapeptides corresponding to the Ku70 Bax-binding domain suppress cytotoxin-and polyglutamine-induced cell death [35, 71] . However, the potential for DNA-PKcs to regulate Ku70-Bax interactions has not been explored. To explain the requirement for DNA-PKcs in apoptosis and define a role for DNA-PKcs-mediated phosphorylation of Ku70, we hypothesized that DNA-PKcs phosphorylates Ku70 to mediate the release of Bax during apoptosis. To test this hypothesis, we examined the ability of kainic acid to induce DNA damage, alter Ku70-Bax interaction, and initiate Bax-dependent apoptosis and excitotoxic cell death in neuronal cultures derived from wildtype, DNA-PKcs heterozygous (Prkdc +/− ), and DNA-PKcs null (Prkdc −/− ) mice. We show that kainic acid treatment of murine cortical neurons results in rapid DNA damage and subsequent neuronal death. Bax gene deletion or Bax shRNA-mediated knockdown of Bax expression was neuroprotective for neurons homoor heterozygous for wildtype Prkdc, but not neuroprotective for Prkdc −/− neurons. Introduction of a functional Prkdc gene restored Bax shRNA-mediated neuroprotection in Prkdc −/− neurons, indicating that DNA-PKcs is required for neurons to undergo Bax-dependent excitotoxic cell death. Transfection of wildtype neurons with a DNA-PKcsnon-phosphorylatable Ku70 (S6A/ S51A) revealed Ku70 (S6A/S51A) to display an elevated basal level of Bax binding, as compared to wildtype Ku70, that was unaltered by excitotoxic stimulation. Also, kainic acid treatment induced translocation of a Bax-GFP fusion protein to the mitochondria in neurons transfected with wildtype Ku70, but not with Ku70 (S6A/S51A). Our findings suggest that DNA-PKcs links excitotoxic cell death to the pro-apoptotic Bax pathway by phosphorylating Ku70, resulting in Bax release from Ku70-Bax complexes, and permitting Bax to translocate to the mitochondrion and initiate cell death.
Results

Kainic acid treatment of cortical neurons results in rapid induction of DNA damage
In response to DNA damage, the p53-binding protein, 53BP1, rapidly forms nuclear foci comprised of 53BP1, γ-H2AX, and activated DNA-PKcs [8, 46] . We utilized 53BP1 foci formation as a marker to determine whether kainic acid treatment results in DNA damage in cortical neurons. In wildtype and Prkdc −/− neurons, 53BP1 displayed a diffuse nuclear staining pattern, with faint puncta occasionally observed at the nuclear periphery (Fig. 1 insets) . Treatment with camptothecin, a strong inducer of DNA breaks, resulted in rapid formation of 53BP1 foci (Fig. 1) . Similarly, within 30 min of excitotoxic injury induced by addition of kainic acid, 53BP1 formed nuclear foci with similar kinetics in both wildtype and Prkdc −/− neurons (Fig. 1) . The number of neurons displaying foci peaked by 1 h, and persisted through 4 h. However, by 8 h the number of neurons displaying foci was significantly decreased (not shown). These results suggest that excitotoxic insult rapidly induces DNA damage. Since significant increases in nuclear pyknosis are not observed at these times, these results further suggest both that foci formation is transient and that DNA-PKcs is not required for either the appearance or disappearance of foci.
DNA-PKcs is required for Bax-dependent excitotoxic cell death
We previously demonstrated that kainate-induced excitotoxic death of wildtype, Prkdc +/− , and Prkdc −/− cortical neurons involves p53 and increased mitochondrial membrane permeability [43] , processes that are linked by Bax [43, 45] . Using hippocampal cultures from Bax knockout mice, prior investigators have demonstrated that Bax deletion is neuroprotective [68] . To determine whether Prkdc −/− neurons display a similar requirement for Bax, we initially utilized RNA interference to knock down Bax expression. To quantify the ability of the Bax shRNA to knock down Bax expression, we co-transfected Hela cells with plasmids encoding murine Bax-α and β-galactosidase along with either the Bax shRNA, the parental mU6pro vector, or a scrambled Bax shRNA M3 vector. Three days after transfection, cells were lysed, and murine Bax expression was quantified by Western blot, using an antibody specific for the murine form of Bax. Following normalization to β-galactosidase levels, Bax shRNA was found to reduce murine Bax expression by 78 ± 1.6% of the mU6pro vector control ( Fig. 2A,B) . In comparison, Bax levels in the Bax shRNA M3-transfected cultures were not significantly different from that of the mU6pro control (121 ± 27.8%) ( Fig. 2A,B) . Therefore, Bax shRNA decreased Bax expression by approximately 78%. Due to a lack of specificity of the different Bax antibodies we examined, we were unable to perform immunocytochemistry to examine Bax downregulation on an individual cell basis. Instead, we co-transfected murine Bax-EGFP fusion protein and RFP plasmids along with either Bax shRNA or Bax shRNA M3, as a control, and examined knockdown of EGFP fluorescence in RFP-positive neurons. Under our conditions, >80% of Bax shRNA co-transfected neurons were EGFP-negative ( Fig. 2A′-C′) . In contrast, <10% of the neurons that were co-transfected with the Bax shRNA M3 control were EGFPnegative ( Fig. 2D′-F′) . Therefore Bax shRNA knocks down Bax expression, whereas the scrambled Bax shRNA M3 does not.
To determine whether DNA-PKcs is involved in regulating Bax, we next asked whether Bax shRNA-mediated neuroprotection differs in neurons with or without DNAPKcs. We quantified kainate-induced nuclear pyknosis in wildtype, Prkdc +/− , and Prkdc −/− neurons co-transfected with either Bax shRNA or the empty mU6 vector (Fig. 3A) . In neurons transfected with the mU6 vector, levels of kainate-induced cell death were essentially equivalent in wildtype and Prkdc +/− neurons (wildtype pyknosis 14.6 ± 2.9% vs. Prkdc +/− pyknosis 15.5 ± 1.8%). Similar levels of kainate-induced toxicity have been previously observed by other investigators [39] . Transfection of wildtype or Prkdc +/− neurons with Bax shRNA significantly increased survival under excitotoxic conditions (wildtype pyknosis 9.2 ± 2.6%; Prkdc +/− pyknosis 8.0 ±1.4%) (Fig. 3A) . In contrast, Bax shRNA had little effect on kainate-mediated excitotoxic cell death of Prkdc −/− neurons; control vector-transfected neurons exhibited 20.7 ± 4.4% pyknosis compared to 17.6 ± 3.4% pyknosis in neurons transfected with Bax shRNA (Fig. 3A) . Thus, Bax knockdown reduced neuronal death on average by ∼51% and 44% in wildtype and Prkdc +/− neurons, respectively, consistent with prior reports using Bax −/− neurons [68] , but only by 15% in Prkdc −/− neurons.
Kainate-induced cell death in neurons transfected with the mutated Bax shRNA M3 control was comparable to levels in mU6-transfected neurons (Fig. 3B) , suggesting that the Bax shRNA-mediated neuroprotection we observed in the wildtype and Prkdc +/− neurons was due specifically to Bax knockdown.
Western blot analysis of whole cell extracts from untransfected neurons revealed that Bax levels did not differ between genotypes and remained unchanged by kainate treatment (not shown). Therefore, failure to rescue Prkdc −/− neurons by Bax knockdown was not due to a lack of Bax expression in the cells. Additionally, transfection of an mU6 promoter-driven doublecortin shRNA [3] in Prkdc +/− vs. Prkdc −/− neurons knocked down doublecortin expression in greater than 90% of the neurons, and the extent of knockdown was equivalent in both genotypes, demonstrating function of the shRNA vector in Prkdc −/− neurons (Supplemental Figure 1) . Therefore, the fact that robust RNAi-mediated knockdown of Bax does not reduce excitotoxic cell death in Prkdc −/− neurons suggests that these neurons utilize a Bax-independent cell death pathway.
To independently confirm that DNA-PKcs is required for Bax-mediated excitotoxic cell death, we compared excitotoxicity in cortical cultures derived from double knockout mice deficient for both DNA-PKcs and Bax. Prkdc +/− /Bax −/− neurons exhibited lower cell death (13 ± 2.8%) after kainate treatment, compared to Prkdc +/− /Bax +/− (24.6 ± 2.3%) (Fig. 3C ), comparable to our findings with Bax knockdown in the Prkdc +/− neurons. However, as shown in Figure 3D , Bax deletion in Prkdc −/− neurons did not enhance survival following excitotoxic insult (Prkdc −/− /Bax +/− = 18.9 1.3% pyknosis; Prkdc −/− /Bax −/− = 18.8 2.6% pyknosis). These experiments confirm that DNA-PKcs mediates Bax-dependent excitotoxic cell death.
Lack of Bax shRNA-mediated rescue from excitotoxicity in Prkdc −/− neurons is due to loss of DNA-PKcs activity
To determine whether the lack of Bax-dependent cell death in Prkdc −/− neurons is due directly to a loss of DNA-PKcs activity, we next asked whether restoration of DNA-PKcs expression would confer Bax-dependent cell death. Triple transfections were performed in which a DNAPKcs expression vector (or CMV promoter-driven lacZ vector control) was co-transfected with the Bax shRNA plasmid (or mU6 vector control), along with an EGFP gene, into Prkdc −/− neurons. Kainate induced similar levels of neuronal death when the control CMV vector was co-transfected with either the parental mU6 vector (26.7 ± 2.4% pyknosis) or Bax shRNA (26.0 ±2.6% pyknosis), confirming that Bax shRNA did not rescue Prkdc −/− neurons from excitotoxicity (Fig. 4) . Importantly, co-transfection of Bax shRNA with the DNA-PKcs gene, into Prkdc −/− neurons, restored Bax shRNA-mediated neuroprotection by ∼31.2% (25.5±2.2% pyknosis in the mU6 vector transfection vs. 17.6±2.0% pyknosis in the Bax shRNA transfection, p<0.001) (Fig. 4) . This shows that Bax shRNA-mediated neuroprotection from kainate-induced excitotoxicity requires DNA-PKcs activity, consistent with a model in which DNA-PKcs regulates Bax-dependent excitotoxic cell death.
DNA-PKcs-mediated phosphorylation of Ku70 regulates Ku70-Bax interaction
DNA-PKcs is a serine-threonine kinase that phosphorylates Ku70 on serines 6 and 51 [10, 30] . Our findings led us to hypothesize that DNA-PKcs regulates the ability of Bax to induce cell death by phosphorylating Ku70. To test this, we initially examined Bax binding to Ku70 in wildtype vs. Prkdc −/− neurons following kainate addition, by probing Ku70 immunoprecipitates for Bax. Surprisingly, in wildtype cultures transfected with Ku70, kainate treatment increased Bax binding to Ku70 nearly 4-fold (3.7±1.3 fold), when examined at 24 h following kainate addition (Fig. 5A) . In contrast, kainate treatment did not significantly change the level of Bax bound to Ku70 (S6A/S51A), a DNA-PKcs-non-phosphorylatable mutant (treated/untreated = 1.4±0.2) (Fig. 5A) , suggesting that DNA-PKcs-mediated phosphorylation is critical in regulating Ku70-Bax interaction. However, basal levels of Bax bound to Ku70 (S6A/S51A) were elevated, comparable to that observed with wildtype Ku70 following kainate addition (Fig. 5A) . These results suggest that when phosphorylation of Ku70 by DNA-PKcs is prevented, Ku70 binding to Bax is enhanced, suggesting that DNA-PKcs-mediated phosphorylation of Ku70-Bax complexes causes Bax release and translocation to the mitochondria to initiate Bax-mediated apoptosis. This is supported by the converse experiment where kainate treatment did not alter Ku70-Bax interaction in Prkdc −/− neurons transfected with wildtype Ku70 (Fig. 5B) .
Inhibition of kainic acid-induced Bax-EGFP translocation by Ku70 (S6A/S51A)
To directly demonstrate DNA-PKcs-mediated Ku70 phosphorylation in regulating Bax translocation, we co-transfected neurons with Bax-EGFP and either wildtype Ku70 or Ku70 (S6A/S51A). Following transfection, we treated neurons with kainic acid and examined the translocation of Bax-EGFP at 0, 1, 4, and 8 h post-treatment. In untreated neurons, Bax-EGFP displayed a diffuse distribution throughout the cell (Fig. 6A) . By 4 h and persisting through 8 h following kainate addition, Bax-EGFP was found to accumulate in the cytosol and co-localize with cytochrome oxidase, a mitochondrial marker (Fig. 6) . Similar translocation of an EGFPBax fusion protein has been observed following induction of apoptosis in other cell types [66] . In contrast, in kainate-treated neurons transfected with Ku70 (S6A/S51A), Bax-EGFP maintained a diffuse distribution throughout the neuron at all times, consistent with an inability of Ku70 (S6AS51A) to release Bax. These results suggest that during excitotoxic cell death in cortical neurons, DNA-PKcs-mediated phosphorylation of Ku70 at serines 6 and/or 51 is required to release Bax and allow Bax to translocate to the mitochondria.
Discussion
The present study provides a mechanistic link between the DNA-dependent protein kinase catalytic subunit and the pro-death Bax pathway during excitotoxicity. DNA damage results in rapid phosphorylation of histone 2AX, to form γ-H2AX, that recruits activated DNA-PKcs and 53BP1 to form nuclear foci, at sites of DNA double-strand breaks, and initiate DNA repair [8, 46] . Prior investigators have demonstrated rapid γ-H2AX nuclear foci formation following glutamate addition to cortical neurons [16] . We demonstrate rapid incorporation of 53BP1 into nuclear foci following kainate exposure. The number of neurons displaying 53BP1 foci dramatically increased by 30 min, peaked at 1 h, and persisted through 4 h, consistent with a rapid induction of DNA damage and activation of DNA-PKcs. The number and percentage of neurons displaying DNA damage declined substantially by 8 h following kainate addition (not shown), which precedes or coincides with the time at which kainate-induced nuclear pyknosis was previously found to become detectable [43] . These results suggest that DNA damage is an early event in kainate-induced excitotoxicity, and is consistent with our previous results indicating that DNA damage is a trigger for excitotoxic cell death [43] . That 53BP1 foci can form in Prkdc −/− neurons also indicates that DNA-PKcs activity is not required for 53BP1 foci formation.
Bax shRNA-mediated neuroprotection from excitotoxin-triggered neuronal death was greatly reduced in the absence of DNA-PKcs, but restored by expression of DNA-PKcs in Prkdc −/− neurons. Bax deletion reduced kainate-induced excitotoxic cell death in wildtype and Prkdc +/− neurons, but not in Prkdc −/− neurons, indicating that DNA-PKcs regulates Baxdependent excitotoxic cell death. Based on our previous finding that p53 is involved in excitotoxic cell death of both wildtype and Prkdc −/− neurons [43] , we assert that excitotoxic cell death in Prkdc −/− cortical neurons is p53-dependent, but Bax-independent. Possibilities include activation of a p53-dependent extrinsic pathway leading to activation of caspase-3 [62] , or through pathways involving poly (ADP-ribose) polymerase and apoptosis-inducing factor, which have been linked to caspase-independent forms of neuronal death [5, 13, 15] . Favoring the former possibility, we have observed caspase-3 activation following kainate addition in both wildtype and Prkdc −/− neurons (Supplemental Fig. 2) .
A prior investigation has reported decreased Bax levels in the M059J glioblastoma cell line, lacking DNA-PKcs expression, as compared with its isogenic M059K control [12] . We have not observed differences in Bax levels, by Western blot analysis, in either murine cortices or in cultured cortical neurons, regardless of DNA-PKcs status, consistent with others [28] . Therefore, the requirement for DNA-PKcs in Bax-dependent excitotoxic cell death led us to hypothesize that DNA-PKcs regulates a Bax-dependent pro-apoptotic pathway by phosphorylating Ku70, a known target of DNA-PKcs, to cause release of Bax from Ku70-Bax complexes. We supported this model by four lines of evidence: 1) kainic acid treatment induced rapid nuclear 53BP1 foci formation, indicative of DNA damage and DNA-PK activation, 2) DNA-PKcs nonphosphorylatable Ku70 (S6A/S51A) bound more Bax than wildtype Ku70, 3) Ku70 (S6A/S51A) occluded kainic acid-induced alterations in Ku70-Bax interaction, and 4) transfection of Ku70 (S6A/S51A) blocked kainate-induced translocation of a Bax-GFP fusion protein to the mitochondria. To explain the increase in binding of Bax to wildtype Ku70, observed at 24 h after kainate addition (Fig. 5A) , it should be noted that loss of DNA-PKcs activity can occur during excitotoxic cell death, including ischemic models, where DNA-PKcs is rapidly cleaved and inactivated following injury [11, 23, 38, 53, 59] . DNA-PKcs cleavage is mediated by caspase-3/CPP32 [23, 38, 58] , and we have shown caspase-3 to be dramatically elevated at 24 h after kainate addition to either wildtype or Prkdc −/− cortical neurons ( Supplementary Fig. 2 ). In addition, DNA-PKcs has been shown to self-inactivate by autophosphorylation on threonine 3950 following DNA damage [9, 17, 37, 38] . Indeed, this selfinactivation is thought to be required for the DNA-PK complex to release the tethered DNA ends and allow NHEJ to proceed [64] . Therefore, the increased interaction between Ku70 and Bax, observed at late times after kainate addition, is not a consequence of DNA-PKcs activity, but rather results from DNA-PKcs degradation or inactivation, enabling dephosphorylation of Ku70 and a concomitant increase in Bax binding. Thus down-regulation of DNA-PKcs levels could represent a feedback mechanism to prevent excessive Bax release under certain conditions. Phosphorylation of Ku70 by DNA-PKcs to release Bax from Ku70-Bax complexes defines a previously unknown role for DNA-PKcs-mediated phosphorylation of Ku70. Interestingly, PCAF-and CBP-mediated acetylation of Ku70, on lysines 539 and 542, has been implicated in Bax dissociation from Ku70 [14, 35] . Our results raise the intriguing possibility that phosphorylation of Ku70 could create a docking site for acetylases in a manner similar to that described for the CREB transcription factor, which binds CBP/p300 acetylases following phosphorylation by protein kinase A [48] .
Excitotoxic cell death is a fundamental mechanism underlying a variety of neurodegenerative disorders, including epilepsy, stroke, Parkinson's and Alzheimer's diseases, and amyotrophic lateral sclerosis [1, 19, 24, 27, 49] . DNA double-strand breaks, which activate the NHEJ pathway, are the most lethal form of DNA damage and have been observed in several neurodegenerative disorders, including Alzheimer's and Huntington's diseases [26, 52] . In contrast to single-strand repair processes, activation of NHEJ leads to cell cycle arrest and apoptosis [20, 42] . However, studies indicate that although excitotoxic in nature, the mode of cell death in neurodegenerative disease exists as a continuum between apoptosis and pathological cell death, the latter being a major contributor to persistent and severe pathological tissue damage [25, 57] . Results presented here suggest that DNA-PKcs plays a critical role in the decision to favor apoptotic over more pathological forms of cell death following injury. Consequently, deficits in NHEJ, observed in aging and Alzheimer's disease [51, 52, 54] , could play a prominent role in age-dependent and disease-related neuropathology. Future studies delineating the mechanisms that regulate DNA-PKcs activity to enhance pro-apoptotic forms of cell death can be expected to have a major impact on neurodegenerative disease.
Experimental procedure
Animals
Prkdc +/− mice (Prkdc tm1Fwa ), on a 129-6J-background strain, have been previously described [22, 43] , and were the generous gift of Dr. Frederick Alt (Harvard Medical School). Colonies were maintained as a heterozygous stock. Wildtype C57Bl/6 mice were obtained from the Jackson Laboratory (Bar Harbor, ME) or Harlan Sprague Dawley Inc. (Indianapolis, IN) . Bax heterozygous (Bax tm1Sjk ) mice were purchased from Jackson Laboratories (Bar Harbor, ME). Prkdc/Bax mice on a C57Bl/6J background strain were generated by crossing Prkdc −/− mice to Bax +/− mice. Mice were bred in the Wesleyan University animal facility in a pathogen-free environment. All procedures and methods followed an established protocol that was approved by the Wesleyan University Institutional Animal Care and Use Committee, and conformed to guidelines established in the NIH Guide for the Care and Use of Laboratory Animals. Mice were genotyped as described previously [22] or as suggested by Jackson Laboratories.
Plasmids
A Bax shRNA vector was engineered by inserting complementary oligonucleotides encoding murine Bax shRNA into the mU6pro vector (David Turner, University of Michigan) [72] . The Bax shRNA sequence inserted into mU6pro was 5′-AATTGGAGATGAACTGGACAG-3′. As a control, a scrambled Bax shRNA, denoted Bax shRNA M3, of sequence 5′-AATTGGAGTTGTACAGGATAG-3′, was inserted into the mU6pro vector.
To test shRNA efficiency, Bax shRNA (or control vector) was co-transfected with pORF5-mBax-α (Invitrogen, San Diego, CA) and a CMV promoter-driven lacZ gene (pSLICK-Z) [36] (Bax shRNA:pORF-mBax-α:pSLICK-Z at a 3:1:1 ratio) into HeLa cells. At 3 d following transfection, cultures were lysed and extracts were subjected to Western blot analysis for murine Bax and normalized to β-galactosidase. The murine doublecortin shRNA plasmid, mU6pro-DCX30TRhp (Joseph LoTurco, University of Connecticut), and plasmids encoding a CMV promoter-driven full-length DNA-PKcs gene (Kathryn Meek, Michigan State University) and murine Bax-green fluorescent protein (Bax-EGFP) (Apurva Sarin, National Center for Biological Sciences, India) fusion genes, as well as EF1α promoter-driven, V5 epitope-tagged Ku70, Ku70 (S6A/S51A), and Ku70 (S6D/S51D) (Kathryn Meek) were previously described and were generous gifts of the indicated investigators [3, 18, 44, 56] . To ensure that translational initiation of wildtype and mutant Ku70 occurred at the correct start codon [32] , we inserted a purine at the −3 position from the start codon by PCR, using the high-fidelity ProofStart DNA polymerase (Qiagen, Valencia, CA), and forward (5′-TCGGATCCACCATGTCAGGGTGGGAG-3′) and reverse (5′-TAGAATTCGTTTTGCACCTGG-3′) Ku70 primers, and inserting the 352 bp BamH1/ EcoR1-restricted PCR product into the corresponding BamH1/EcoR1 region in the original vector. All plasmids were sequenced through the primer junctions. An EF1α promoter-driven enhanced green fluorescent protein gene (pEF-EGFP) was engineered by inserting the EGFP-encoding 734 bp Nco1/Xba1 fragment of pEGFP-N1 (Clontech, Palo Alto, CA) into the 4.6 kb Nco1/Xba1 fragment of pEFm-B-Raf.6 [36] .
Cell Culture
Timed pregnancies were scored by day of mating. The day that a plug was found was designated Embryonic Day 0.5 (E0.5). Embryos were obtained from timed-pregnancies in which breeding pairs were housed together for a 24-hour period. Pregnant dams were euthanized by CO 2 exposure, followed by cervical dislocation. Cortical-hippocampal cultures were derived from E14.5 Prkdc −/− mice and heterozygous littermates as previously described [43] . Dissociated cells were plated at a density of 5.5 × 10 5 cells/ml in Neurobasal medium containing B27 supplement, 0.5mM L-glutamine (GIBCO-BRL, Grand Island, NY), 0.025mM L-glutamic acid, 5% fetal bovine serum (Sigma-Aldrich, St. Louis, MO), and 50 U/ml penicillinstreptomycin (MediaTech, Inc., Herndon, VA). Cultures were fed with glutamate and serumfree medium on the day following plating (DIV 1) and DIV 4. Cultures were maintained at 37°C under 5% CO 2 in a humidified incubator.
Transfections and Quantification of Excitotoxic Cell Death
To quantify cell death, pyknosis was scored. Transfections were performed in 4-well Permanox chamber slides (Nunc, Rochester, New York) with the addition of 1.6 μg total DNA/ml. The Bax shRNA, mU6pro-DCX30TRhp, or the mU6pro control vector was co-transfected with a human EF1 promoter-driven EGFP at a 2:1 ratio, using Lipofectamine 2000 (Invitrogen Inc., Carlsbad, CA) according to the manufacturer's instructions. For triple transfections, EGFP, DNA-PKcs, and Bax shRNA were transfected at a 1:4:2 ratio. Transfection reagents were removed after 5 h and cultures were fed with conditioned medium. All transfections were performed on DIV 4. Three days following transfection (DIV 7), kainic acid (Ocean Produce International, Shelburne, Nova Scotia, Canada) was added directly to the culture medium to a final concentration of 100 μM. 
Immunocytochemistry
Non-specific staining was blocked by preincubation in 5% normal goat serum (Vector Laboratories Inc., Burlingame, CA) containing 0.1% Triton X-100 in PBS. Cells were incubated overnight in primary antibodies, including Alexa 488-conjugated rabbit anti-GFP (1:1000; Molecular Probes, Eugene, OR), mouse anti-MAP2 (1:1000, Sigma-Aldrich), cytochrome oxidase (1:50, Molecular Probes), or guinea pig anti-doublecortin (1:1000, Chemicon, Temecula, CA). A fluorescent secondary antibody of either Alexa 546-conjugated goat anti-guinea pig IgG or Alexa 568-conjugated goat anti-mouse IgG (1:1000; Molecular Probes) was applied for 1 h at room temperature. Sections were counterstained with Hoechst 33342 (1 g/ml; Molecular Probes), then mounted in Vectashield medium for quantification (Vector Laboratories Inc.). The 53BP1 antibodies were the generous gift of Dr. Junjie Chen (Yale University) and immunocytochemistry was performed as previously described with modifications [46] . Briefly, cultures were fixed and then permeabilized with ethanol/acetic acid (2:1) at −20°C for 5 min. Cultures were then incubated with rabbit anti-53BP1 (1:1500) at 37°C for 20 min, followed by incubation with Alexa 488-conjugated goat anti-rabbit IgG secondary antibody (1:1000, Molecular Probes).
Quantification of Fluorescent Labeling, Statistics and Photography
Stained cells were examined under epifluorescent wavelengths with a Zeiss Axiovert fluorescence microscope or a Zeiss LSM 510 metaconfocal microscope. The percentage of pyknotic nuclei was quantified as previously described [43] . An observer, blind to the genotype of the cells, counted at least 200 neurons per treatment.
All statistics and graphs were generated in Microsoft Excel. P values were calculated using Student's t-tests. Figures were created with Adobe Photoshop software with minor changes to brightness and contrast.
Immunoprecipitation and Western Blot Analysis
Kainic acid was added directly to the culture medium to a final concentration of 100 M, and cultures were incubated an additional 24 h. For immunoprecipitation of Ku70 and Bax, transfected neurons were lysed using detergent-free hypotonic buffer (PBS containing 5 mM sodium chloride at pH 7.4) [50] . Briefly, after clearing 1 ml of samples with 50 μl Protein GSepharose (Sigma-Aldrich), immunoprecipitates were incubated overnight at 4°C with 2 μg murine anti-V5 antibody (Invitrogen). Immunocomplexes were precipitated with 50 μl of Protein G-Sepharose followed by extensive washing in the buffer. Beads were boiled in 50 μl Laemmli buffer [33] and proteins were separated on 4-20% SDS-PAGE gels prior to immunoblotting as previously described [36] . Mouse anti-murine Bax (5B7) (1:1000, SigmaAldrich) antibodies were used to detect Bax bound by Ku70. Goat anti-Ku70 (1:1000, Santa Cruz, Santa Cruz, CA) was used to detect Ku70 by Western blot. Protein levels on Western blots were imaged using a Syngene G:Box and quantified using GeneTools analysis software.
Supplementary Material
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